Background: Cancer cells evade death caused by extracellular matrix (ECM)-detachment to facilitate metastasis. Results: ErbB2-expressing cancer cells form aggregates during ECM-detachment that promote survival signaling through EGFR. Conclusion: Multicellular aggregation in ErbB2 positive cancer cells promotes survival by preventing EGFR degradation. Significance: Disrupting aggregation or inhibiting EGFR may be effective strategies to eliminate ErbB2-expressing cancer cells during ECM-detachment.
The overwhelming majority of cancer-related deaths (90%) are a direct result of the metastasis of cancer cells from the primary tumor to distant sites (1) (2) (3) . Metastasis is an inherently inefficient process as a significant percentage of cells that escape the primary tumor are not successful in colonizing secondary sites. It is currently understood that a significant contributor to this inefficiency is the induction of cell death, particularly in cells that lack attachment to the extracellular matrix (ECM) 4 (4) . Caspase-dependent programmed cell death that is caused by ECM-detachment is known as anoikis, and anoikis resistance is an important factor in determining the success of cancer cells in navigating the metastatic cascade (5, 6) . In addition to anoikis, recent studies have discovered multiple, distinct cellular alterations that can impact the survival of ECM-detached cancer cells in an anoikis-independent fashion, suggesting that cancer cells may need to utilize a multifaceted approach to survive in the absence of ECM-attachment (7) (8) (9) (10) (11) (12) (13) (14) .
The activation of oncogenic signaling in cancer cells is of paramount importance to developing anoikis resistance and to rectifying other cellular alterations that compromise cell viability in absence of ECM-attachment (9) . In particular, overexpression of the ErbB2 oncogene has been linked to the survival of ECM-detached cells in a number of different contexts (12, 13, (15) (16) (17) . While these studies have unveiled distinct mechanisms by which ErbB2 can promote anchorage-independent survival, it remains unclear if ErbB2 can promote survival through additional molecular mechanisms. Given the tremendous biological heterogeneity in ErbB2-positive breast tumors, it seems likely that the ability of ErbB2 to promote the survival of ECM-detached cells is not solely limited to the aforementioned studies (18) .
Among the signaling pathways associated with ErbB2 that have yet to be investigated during the survival of ECM-detached cancer cells are those regulating cell-cell adhesion. Signaling from the ErbB2 receptor has been shown to impinge upon key molecules that determine the nature and efficacy of cell-cell contacts in a number of settings (19) . In addition, circulating tumor cells (which lack normal attachment to ECM) have often been discovered as multicellular aggregates. This is particularly true in malignancies like inflammatory breast cancer and epithelial ovarian cancer (20, 21) , which are cancers that are oftentimes driven by ErbB2-mediated signaling. Furthermore, the oncogene TrkB, which has been shown to stimulate survival signaling pathways (including those also downstream of ErbB2) in a fashion that blocks anoikis and promotes metastasis (22) , can enhance multicellular aggregation during ECMdetachment (23) .
These data have motivated us to examine the relationship between ErbB2 and multicellular aggregation during ECM-detached conditions. In this study, we have discovered that ErbB2-induced multicellular aggregation is critical to the inhibition of anoikis. Interestingly, we have found that this multicellular aggregation during ECM-detachment promotes ErbB2/ EGFR-mediated activation of ERK/MAPK by preventing EGFR from being internalized and trafficked to the lysosome. Furthermore, our data suggest that ErbB2 and E-cadherin-expressing cancer cells may be uniquely susceptible to therapies antagonizing EGFR activity during ECM-detachment.
EXPERIMENTAL PROCEDURES
Cell Culture-MCF-10A cells (ATCC) and derivatives were cultured in Dulbecco's Modified Eagle Medium/F12 supplemented with 5% horse serum (Invitrogen), 20 ng/ml epidermal growth factor (EGF), 10 g/ml insulin, 500 g/ml hydrocortisone, 100 ng/ml cholera toxin, and 1% penicillin/streptomycin. BT474 cells (ATCC), and derivatives were cultured in RPMI-1460 medium supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin. SKBR3 cells (ATCC) were cultured in McCoy's 5A medium supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin.
Reagents-1% weight to volume (w/v) methylcellulose was made by dissolving methylcellulose in line-specific medium. The following reagents were used at the doses indicated in the figure legends: U0126 (EMD Millipore), chloroquine diphosphate (Sigma-Aldrich), and Z-VAD-FMK (Apex Bio). Plates for detachment assays were made by coating with 6 mg/ml poly-(2-hydroxyethyl methacrylate) (poly-HEMA) as previously described (12) .
Caspase Activity Assays-Caspase activity was measured after 48 h by the Caspase-Glo 3/7 Assay System according to the manufacturer's instructions (Promega). Cells were plated at a density of 13,333 cells per well in 96-well poly-HEMA-coated plates. Representative data from at least three biological replicates are shown.
Cell Viability Assays-Cellular viability was measured after 48 h using the Cell Titer Glo Assay according to the manufacturer's instructions (Promega). Cells were plated at a density of 13,333 cells per well in 96-well poly-HEMA coated plates. Representative data from at least three biological replicates are shown.
Ethidium Homodimer Assay-Ethidium homodimer (Life Technologies) assays were measured after 72 h with an excitation of 528 nm and an emission of 671 nm. Cells were plated at a density of 13,333 cells per well in 96-well poly-HEMA-coated plates. Representative data from at least three biological replicates are shown.
Western Blot Analysis-Cells were plated at a density of 400,000 cells per well in 6-well poly-HEMA-coated plates. After 48 h, images were acquired, and cells were harvested, washed twice with ice-cold PBS, and then lysed in 1% Nonidet P-40 supplemented with protease inhibitors (leupeptin (5 g/ml), aprotinin (1 g/ml), and PMSF (1 mM), and the Halt Phosphatase Inhibitor Mixture (Thermo Scientific)). Lysates were collected after spinning at 14,000 rpm and normalized by BCA Assay (Pierce Biotechnology). Samples were subjected to polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (10) . Representative data from at least three biological replicates are shown.
Measurement of Aggregate Size-Cells were plated at a density of 400,000 cells per well in 6-well poly-HEMA coated plates. After 48 h, images were acquired using a light box and camera and measured using the ImageJ analysis suite Fiji.
Antibodies-The following antibodies were used for Western blotting: Myc (Cell Signaling 2272), ␣-tubulin (Cell Signaling 2144), ␤-tubulin (Cell Signaling 2146) Total EGFR (Cell Signaling 4267), pEGFR (Y1173) (Cell Signaling 4407), Total Bad (Cell Signaling 9239), pBad S112 (Cell Signaling 5284), Bim (Cell Signaling 2933), Bcl-2 (Millipore 05-729), Mcl-1 (Millipore MABC43), Bcl-XL (Cell Signaling 2762), ␤-actin (Sigma A1978), pErk1&2 (pTpY 185/187 ) (Invitrogen 368800), Total Erk1&2 (Cell Signaling 9102), cytochrome c (BD Pharmigen 556433), E-cadherin (AbCam ab40772), and ErbB2 (Dako A0485). The following antibodies were used for immunofluorescence: Total EGFR (Cell Signaling 4267) and LAMP1 (BD Pharmigen 555798). E-cadherin (Invitrogen 135700) was used for E-cadherin engagement and reconstituted according to manufacturer's instructions.
Utilization of Retrovirus to Generate Stable Cell Lines-VSV-psuedotyped retroviruses were produced as previously described (12) . MCF-10A cells were plated at 4 ϫ 10 5 cells and infected with retrovirus. Stable populations of MCF-10A: ErbB2, MCF-10A:MEKDD, and MCF-10A:Bcl-2 were obtained by selection with 2 g/ml puromycin (Invivogen). Stable populations of MCF-10A:DNECAD cells were obtained by selection with 10 g/ml blasticidin (24) .
Immunoprecipitation-Cells were plated at a density of 400,000 cells per well in 6-well poly-HEMA-coated plates. After 48 h, cells were harvested, washed twice with ice-cold PBS, and lysed in lysis buffer (1% Triton X-100, 50 mM NaCl, 1 mM EDTA, 20 mM HEPES) supplemented with leupeptin (5 g/ml), aprotinin (1 g/ml), PMSF (1 mM), and the Halt Phosphatase Inhibitor Mixture (Thermo Scientific). Lysates were collected following a spin at 14,000 rpm and normalized by BCA Assay (Pierce Biotechnology). Samples were precleared with Protein A-Sepharose Fast Flow beads (GE Healthcare) for 1 h and treated with 1:50 ErbB2 antibody (Dako) for 48 h at 4°C. Proteins were captured with Protein A-Sepharose Fast Flow beads blocked with 2% BSA (Millipore). Proteins were washed three times with wash buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Nonidet P-40, leupeptin (5 g/ml), aprotinin (1 g/ml), PMSF (1 mM), Halt Phosphatase Inhibitor Mixture)), eluted with SDS sample buffer, and analyzed by immunoblot. Representative data from at least three biological replicates are shown.
Cytochrome c Release Assay-Cytosolic cell extracts free of mitochondria were prepared as described previously (25) .
Briefly, cells were harvested, washed twice in ice-cold PBS, then lysed in lysis buffer (250 mM sucrose, 20 mM HEPES-KOH (pH 7.4), 10 mM KCl, 1.5 mM Na-EGTA, 1.5 mM Na-EDTA, 1 mM MgCl 2 , 1 mM DTT, the protease inhibitors leupeptin (5 g/ml), aprotinin (1 g/ml), Halt Phosphatase Inhibitor Mixture (Thermo Scientific), and PMSF (1 mM)) by 25 strokes of a glass Dounce homogenizer and tight pestle. Lysates were normalized using a BCA Assay (Pierce Biotechnology) and analyzed as described above by immunoblot. Representative data from at least three biological replicates are shown.
shRNA Transduction-Mission (Sigma-Aldrich) shRNA for E-cadherin cdh1 (NM_004360; TRCN0000039665) was used. The pLKO.4 shRNA viruses were generated by cotransfection of HEK293T cells with the pCMV-D8.9 (0.5 g), p-CMV-VSV-G (60 ng), and pLKO.4 (0.5 g) with PLUS™ reagent (Invitrogen). Transfections were carried out using Lipofectamine 2000 (Invitrogen). Virus was harvested, and cells were infected in the presence of 8 g/ml of polybrene (Sigma-Aldrich). Cells were subsequently selected with 2 g/ml puromycin (Invivogen), and knockdown was confirmed by Western blot.
siRNA Transfection-Cells were plated at a density of 400,000 cells per well in 6-well and allowed to grown overnight. A Dharmacon siRNA Smartpool (GE Healthcare) for Bad and ErbB2 was obtained and transfected according to manufacturer's instructions with Oligofectamine 2000 (Invitrogen). Cells were incubated for 48 h for siErbB2 and 24 h for siBad, collected, and utilized in various assays. Representative data from at least three biological replicates are shown.
Immunofluorescence-Cells were plated at a density of 50,000 cells per well in 6-well poly-HEMA-coated plates in indicated conditions. After 48 h, cells were harvested, washed twice with ice-cold PBS, and deposited onto slides with a Shandon Cytos-pin3 (Thermo Scientific) at 800 RPM for 5 min. Cells were fixed in 4% paraformaldehyde and permeabilized with 0.5% Triton-X 100 in PBS. Cells were washed with 100 mM glycine in PBS three times and blocked with 10% goat serum (Invitrogen) in IF buffer (130 mM NaCL, 7 mM Na 2 HPO 4 , 3.5 mM NaH 2 PO 4 , 7.7 mM NaH 3 , 0.1% BSA (Millipore), 1.2% Triton-X 100, 0.5% Tween-20). Slides were stained with Total EGFR (Cell Signaling 4267) and LAMP1 (BD Pharmingen 555798) diluted 1:200 in IF block buffer. For secondary visualization, slides were treated with AlexaFluor 488 (Invitrogen A11034) and AlexaFluor 568 (Invitrogen A11031) at 1:200 in IF block buffer. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and mounted with ProLong Gold Antifade Reagent. Images were collected on an Applied Precision DeltaVision OMX and colocalization was measured by Pearson's coefficient of correlation using Applied Precision softWoRx software. Error bars represent S.E. Representative data from at least three biological replicates are shown.
RESULTS

Aggregate Formation upon ECM-detachment in ErbB2-overexpressing Cells Suppresses
Anoikis-To assess the contribution of ErbB2 to the formation of cellular aggregates and the induction of anoikis, we utilized MCF-10A cells, a non-tumorigenic mammary epithelial cell line that has been widely used to study the biology of anoikis (9, 12, 26, 27). As has been observed pre-viously (28), ErbB2 expression in MCF-10A cells (10A:ErbB2) is sufficient to abrogate the induction of anoikis when cells are grown in the absence of ECM-attachment for 48 h (Fig. 1A) . When examining the morphology of these cells in the absence of ECM-attachment, we discovered that ErbB2-overexpressing cells formed multicellular aggregates that were considerably larger in size than those formed by control cells (Fig. 1B) . Furthermore, apoptosis-deficient MCF-10A cells overexpressing Bcl-2 (10A:Bcl-2) did not form large multicellular aggregates suggesting that the striking phenotype observed in Fig. 1B cannot be simply explained by the inhibition of classical cell death mechanisms. Given the aforementioned link between circulating tumor cells and multicellular aggregates (29) , we postulated that these aggregates may facilitate the survival of cells that lack proper ECM-attachment. Additionally, ErbB2 overexpression in MCF-10A cells did not result in any discernible changes in EMT markers suggesting that alterations in the EMT program are not involved in the observed changes in multicellular aggregation ( Fig. 1C ). To address whether multicellular aggregation is critical for survival, we treated ErbB2 overexpressing, ECMdetached cells with methylcellulose, which has been previously demonstrated to interfere with aggregation during ECM-detachment (30) ( Fig. 1D ). Upon methylcellulose treatment of ECM-detached 10A:ErbB2 cells, we observed an induction of caspase activity (Fig. 1D ). In attached 10A:ErbB2 or 10A control cells, we did not observe any methylcellulose-induced caspase activation ( Fig. 1D ), suggesting that the caspase activation observed in 10A:ErbB2 cells was not the result of general toxicity associated with methylcellulose. To confirm our caspase data, we utilized a Cell Titer Glo viability assay ( Fig. 1E ) and an ethidium homodimer assay ( Fig. 1F ) to measure cell death following methylcellulose treatment in ECM-detached 10A: ErbB2 cells. As expected, these data also suggest that methylcellulose treatment induces anoikis in 10A:ErbB2 cells.
E-cadherin-mediated Adhesion Underlies Aggregation-induced Anoikis Protection in ErbB2-expressing Cells-To further investigate how cellular aggregation facilitates anoikis evasion in ErbB2-expressing MCF-10A cells, we examined the role of E-cadherin-mediated cell-cell contacts. E-cadherin is typically expressed in epithelial cells where it is involved in cell-cell adhesion, and intracellular signaling pathways that are frequently mediated by mechanotransduction (31) . Previous studies have demonstrated that the expression of an E-cadherin protein missing the extracellular domain behaves in a dominant-negative fashion to block cell-cell contacts (32) . Therefore, we engineered 10A:ErbB2 cells to stably overexpress Myctagged dominant-negative E-cadherin (DNECAD) ( Fig. 2A ). As expected, the expression of DNECAD in these cells substantially impaired their ability to form large multicellular aggregates when detached from ECM (Fig. 2B ). In addition, the aggregate disruption by DNECAD was sufficient to eliminate suppression of anoikis and results in a loss of cellular viability ( Fig. 2C ), suggesting that E-cadherin is necessary for aggregatemediated protection from anoikis. The ability of DNECAD to induce anoikis was specific to 10A:ErbB2 cells as DNECAD expression in 10A:Ctrl cells did not reduce viability ( Fig. 2D ). To further assess the role of E-cadherin in promoting anoikis suppression, we disrupted cellular aggregation while simulta-neously maintaining the interactions between E-cadherin molecules that mediate the inhibition of anoikis. To do this, we utilized an E-cadherin antibody that disrupts cell-cell contacts but mimics the engagement of E-cadherin (presumably through antibody-mediated lateral dimerization and clustering of E-cadherin) (33) . Upon treatment of ErbB2-expressing cells with an E-cadherin engagement antibody, we did observe a stark inhibition in the formation of multicellular aggregates during ECM-detachment (similar to what we observed with DNECAD expression). This disruption of aggregation, however, does not eliminate ErbB2-mediated anoikis suppression or compromise cellular viability ( Fig. 2E ). These data further support a role for E-cadherin-mediated adhesion in the inhibition of caspase activation during ECM-detachment. Furthermore, treatment of 10A:CTRL cells with engagement antibody did not result in any changes in cellular viability (Fig. 2F ).
Aggregate Formation Facilitates Anoikis Evasion in E-cad-
herin-positive, ErbB2-positive Breast Cancer Cells-To extend our studies into breast cancer cells, we used two common ErbB2-positive cell lines: BT474 and SKBR3. We observed that upon ECM-detachment, BT474 cells form large multicellular aggregates that are subsequently reduced in size upon siRNA-mediated down-regulation of ErbB2 (Fig. 3A) . As was observed with 10A:ErbB2 cells, the disruption of aggregation with methylcellulose resulted in a significant loss of anoikis protection in BT474 cells (Fig. 3B ). In stark contrast, methylcellulose treatment did not appreciably alter anoikis resistance in SKBR3 cells (Fig. 3C ). Interestingly, one significant difference between these two cell lines is that BT474 cells express E-cadherin while SKBR3 cells lack discernible E-cadherin due to a homozygous deletion in the CDH1 gene (34) . Thus, perhaps the lack of E-cadherin in SKBR3 cells renders these cells insensitive to agents that disrupt E-cadherin-mediated cell-cell adhesion (e.g. methylcellulose), and these cells rely on alternative mechanisms for anoikis resistance. To examine this hypothesis, we engineered BT474 cells to be deficient in E-cadherin through lentiviral delivery of shRNA (Fig. 3D ). This loss of E-cadherin substantially compromised the ability of methylcellulose to induce caspase activation in BT474 cells (Fig. 3E ) suggesting that E-cadherin must be present for aggregate disruption to induce anoikis. Furthermore, we observed no perceptible changes in EMT markers following shRNA-mediated loss of E-cadherin in BT474 cells suggesting that alterations in the EMT program do not account for the observed changes sensitivity to methylcellulose-induced anoikis (Fig.  3F) .
Aggregate Formation Promotes ERK-mediated Survival Signaling in ErbB2-positive Cells during ECM-detachment-To examine the molecular mechanism underlying E-cadherin-mediated anoikis evasion, we investigated survival signaling pathways known to operate downstream of ErbB2. Previous studies have revealed that ERK/MAPK signaling can operate downstream of ErbB2 to block anoikis in MCF-10A cells (28) . To investigate the activation of ERK following aggregate disruption in ECM-detached cells, we assessed the phosphorylation of ERK by immunoblotting. When multicellular aggregation was disrupted by either methylcellulose treatment or DNECAD expression, there is a significant reduction in phospho-ERK (Fig. 4A ). In addition, treatment with the E-cadherin engagement antibody (which disrupts aggregation but mimics E-cadherin engagement, see Fig. 2C ) does not alter the phosphorylation of ERK (Fig. 4B) . These data suggest that ErbB2-induced aggregation during ECM-detachment can facilitate the activation of ERK to block anoikis. We were able to extend these findings to the aforementioned breast cancer cell lines. Methylcellulose treatment diminished phospho-ERK levels in E-cadherin-positive BT474 cells but did not affect ERK phosphorylation in E-cadherin-negative SKBR3 cells (Fig. 4C) . To further ascertain the role of MAPK signaling in anoikis suppression, we expressed a mutant of MEK (MEKDD), which results in constitutive activation of ERK in the absence of any upstream (e.g. ErbB2-mediated) signaling (15) . We hypothesized that 10A cells expressing MEKDD would not be sensitive to methylcellulose-mediated induction of anoikis and indeed, methylcellu- lose treatment of these cells did not promote anoikis (Fig. 4D) . Taken together, these data suggest that ERK activation by E-cadherin-mediated aggregation is an important mechanism to block anoikis in ErbB2-expressing cells.
Aggregate Formation Stabilizes EGFR, which Maintains ERK Signaling in ErbB2-expressing Cells-To better understand the molecular mechanism underlying the aggregation-induced activation of ERK in ErbB2-expressing cells, we investigated the role of EGFR in ERK activation. It is well known that when ErbB2 is overexpressed, it can heterodimerize with EGFR to stimulate the activation of ERK/MAPK (18) . Interestingly, when multicellular aggregates of ECM-detached ErbB2-expressing cells were disrupted with methylcellulose, we observed a substantial reduction in the levels of EGFR protein (Fig. 5A ). This reduction in EGFR protein was not limited to ErbB2-expressing MCF-10A cells as total EGFR levels were also diminished upon aggregate disruption in BT474 cells (Fig. 5B ). This loss was not observed in SKBR3 cells (which lack endogenous E-cadherin) indicating that E-cadherin is required for aggregation-induced activation of ERK and for protection from anoikis (Fig. 5C ). To expand upon these studies, we utilized SKBR3 cells that had been engineered to express E-cadherin and assessed the ability of aggregate disruption to regulate EGFR. Indeed, upon the introduction of E-cadherin into SKBR3 cells, methylcellulose treatment is sufficient to reduce total EGFR levels (Fig.  5D ). These data further demonstrate that E-cadherin is necessary for aggregate disruption to induce reduced EGFR levels.
To further understand the mechanism by which EGFR levels were diminished upon aggregate disruption, we investigated whether aggregate formation could prevent targeting of EGFR for degradation. It is well established that degradation of EGFR is typically controlled by ligand-induced endocytosis, trafficking to the lysosome, and subsequent degradation (35) . We found that upon aggregate disruption in ErbB2 overexpressing cells, EGFR localization to the lysosome is dramatically enhanced suggesting that aggregation inhibits EGFR targeting to the lysosome during ECM-detachment (Fig. 5E ). To directly address the significance of EGFR targeting to the lysosome in the induction of anoikis by aggregate disruption, we assessed whether methylcellulose-induced anoikis in ErbB2-expressing cells could be rescued through treatment with the lysosomal inhibitor chloroquine. Indeed, chloroquine treatment protected cells from anoikis and rescued total EGFR and phospho-ERK levels in the presence of methylcellulose (Fig. 5F) . These data strongly suggest that the formation of E-cadherin based multicellular aggregates prevents EGFR targeting to the lysosome, promotes downstream ERK activation, and inhibits the induction of anoikis. Previous research has demonstrated that EGFR family members (e.g. EGFR and ErbB2) can be regulated by a physical interaction with E-cadherin (36) , and thus we hypothesized that E-cadherin binding to EGFR/ErbB2 during ECM-detachment could prevent its internalization and targeting to the lysosome. Interestingly, using immunoprecipitation of endogenous protein, we detected an interaction between ErbB2 and E-cadherin that was lost upon aggregate disruption (Fig. 5G ). These data further support a model where E-cadherin-mediated cell-cell contacts promote the stabilization of EGFR at the plasma membrane and the subsequent induction of survival signaling.
Aggregate Disruption during ECM-detachment Results in Bad-mediated Anoikis-To investigate the effector molecules that block anoikis downstream of ErbB2, E-cadherin, and ERK, we assessed the release of cytochrome c from the mitochondrial intermembrane space following aggregate disruption in ECMdetached cells. As expected, aggregate disruption resulted in a significant increase in cytosolic cytochrome c (Fig. 6A ), suggest- ing a role for the Bcl-2 family of proteins in aggregation-induced anoikis protection. Previous studies have linked multiple, distinct members of the Bcl-2 family to ERK-mediated inhibition of anoikis (13, 27, 28, 30, (37) (38) (39) . Therefore, we looked for differences in the expression of either pro-apoptotic (e.g. Bim) or anti-apoptotic (e.g. Bcl-2, Bcl-XL, Mcl-1) proteins previously linked to anoikis. Interestingly, despite robust cytochrome c release upon aggregate disruption, we did not uncover any changes in the protein levels of these key regulators ( Fig. 6B ). Other investigations focusing on the regulation of Bcl-2 family members by ERK discovered that ERK can block mitochondrial cytochrome c release through phosphorylation of the pro-apoptotic protein Bad at serine 75 (murine 112) (S112) and subsequent sequestration from the mitochondria on 14-3-3 (26, 27, 40) . Upon aggregate disruption, we observed a considerable loss of S112 phosphorylation on Bad and no change in total Bad levels (Fig. 6C) . Additionally, aggregate disruption in 10A:MEKDD cells did not diminish Ser-112 phosphorylation on Bad (in line with data presented in Fig. 4D showing that aggregate disruption in these cells does not induce anoikis), while ERK inhibition by U0126 was effective in diminishing Ser-112 phosphorylation (Fig. 6D) . Taken together, these data suggest that the disruption of aggregation in ECM-detached ErbB2-expressing cells alters Ser-112 phosphorylation on Bad in a manner that prevents anoikis induction. To confirm the role of Bad in anoikis induced by aggregate disruption, we eliminated Bad expression by siRNA and evaluated the ability of methylcellulose to induce anoikis. The siRNA-mediated reduction of Bad completely abrogated the ability of aggregate disruption to induce anoikis (Fig. 6E) , further suggesting that Bad phosphorylation at Ser-112 by ERK is necessary for anoikis protection due to multicellular aggregation and that the reduction of Bad results in a loss of sensitivity to aggregate disruption.
ECM-detachment Sensitizes ErbB2-overexpressing Cells to EGFR Therapy-Given that our data demonstrate a role for EGFR in ERK activation and anoikis inhibition (due to Ser-112 phosphorylation on Bad), we hypothesized that ECM-detached, ErbB2-expressing cells may be uniquely susceptible to targeted cancer therapies designed to inhibit EGFR. Interestingly, previous studies of anti-EGFR based therapies have found these therapies to be poorly effective at eliminating ErbB2-positive cancer cells; primarily due to sustenance of ERK signaling (41) . However, many of these studies were completed in ECMattached cells and thus we reasoned that targeted therapies aimed at EGFR may be specifically detrimental to ECM-detached cells that rely on aggregation-induced stabilization of EGFR for anoikis inhibition. Indeed, upon treatment of ErbB2overexpressing cells with AG1478 ( Fig. 7A ) or gefitinib ( Fig. 7B ) (both EGFR inhibitors), caspase activation is induced in a dosedependent fashion specifically in ECM-detached cells while caspase activation is not observed in attached cells. Immunoblotting for phospho-EGFR confirms the efficacy of these inhibitors in both conditions. These data suggest that aggregation-induced protection from anoikis in ErbB2-positive cancer cells may be a viable target for anti-EGFR-targeted therapies.
DISCUSSION
The evasion of anoikis by cancer cells is of paramount importance to their ability to successfully metastasize to distant sites. A better understanding of the molecular mechanisms and signal transduction pathways underlying anoikis evasion in cancer cells could potentially lead to the development of novel therapeutics that eliminate ECM-detached cancer cells. Here, we demonstrate that ErbB2-expressing breast cancer cells form large, multicellular aggregates when detached from the ECM and that these aggregates play a critical role in anoikis evasion (see model in Fig. 8 ). While this study focuses specifically on aggregate formation during ECM-detachment in ErbB2-positive cells, our data raise the possibility that signaling that resonates from other oncogenes or in other cancers may also promote aggregate formation and anoikis evasion during ECMdetachment. Indeed, previous research in squamous cell carcinoma cells characterized a process known as "synoikis" whereby cell-cell contacts facilitate survival through the elevation of Bcl-2 protein (42) . That being said, evidence seems to suggest that the mechanism described in our study is specific to ErbB2-expressing cells. For example, in Fig. 4D , we show that cells engineered to have constitutive activation of ERK (via the expression of MEKDD) do not induce anoikis upon disruption of aggregation, suggesting that when ERK signaling is sustained by means other than ErbB2 overexpression, multicellular aggregation is not protective against anoikis. Given that our study suggests that stabilization of EGFR (potentially due to complex formation with ErbB2 and E-cadherin) is necessary for aggregation-induced anoikis evasion, it might be the case that ErbB2 expression is necessary for aggregation to be cytoprotective during ECM-detachment in breast cancer cells. Alternatively, other types of oncogenic signaling may stabilize EGFR through other mechanisms.
The results presented here in our study also clearly delineate a role for E-cadherin-mediated cell-cell adhesion in protection from anoikis in ErbB2-expressing cells. One aspect of these data that we find particularly intriguing is that multiple types of cancer cells are well known to lose E-cadherin during an epithelialmesenchymal transition (EMT), which facilitates migration and metastasis (43) . In fact, EMT has itself been directly linked to the evasion of anoikis through eloquent studies involving the protein NRAGE (44) . Therefore, how do we reconcile the data ␣-Tubulin was used as a loading control. D, SKBR3 cells with either empty vector or E-cadherin expression were treated with methylcellulose, and total EGFR was measured via immunoblot. E-cadherin expression was also confirmed by immunoblot, and ␣-tubulin was used as a control. E, EGFR targeting to the lysosome was observed using immunofluorescence in 10A:ErbB2 cells in control (n ϭ 31) and MC (n ϭ 32). At 48 h, cells were deposited by cytospin, fixed, and stained for LAMP1 (red) and EGFR (green). Nuclei were stained with DAPI (blue), and all cells were treated with 20 M ZVAD-FMK to block caspase activation. Images were collected on an Applied Precision DeltaVision OMX, and colocalization was measured by Pearson's coefficient of correlation using Applied Precision softWoRxா software. Error bars represent S.E. F, 10A:ErbB2 cells were grown in MC in the presence of vehicle (Veh) or 12 M chloroquine diphosphate (CQ), and caspase activation was measured at 48 h in ECM-detachment. a.u. is defined as fold change over control. Total EGFR and phospho-ERK levels were measured by immunoblot. Total ERK and ␣-tubulin were used as loading controls at 48 h. G, interaction between ErbB2 and E-cadherin was investigated in MC upon 48 h of ECM-detachment by immunoprecipitation of ErbB2 followed by immunoblot of either ErbB2 or E-cadherin. Rabbit IgG was used as a control for the immunoprecipitation. ␤-Tubulin was used as a loading control for input lysate. A two-tailed Student's t test was used to determine p values. from this study implicating E-cadherin in anoikis protection with the fact that E-cadherin is often lost during tumor progression? Recent studies have revealed that while EMT does often occur during the early stages of metastasis, a re-acquisition of E-cadherin through a mesenchymal to epithelial transition (MET) can be critical for successful metastasis (45) (46) (47) . These data raise the possibility that an MET (following an EMT) could facilitate aggregation-induced anoikis evasion at later stages of the metastatic cascade when disseminated cancer cells need to survive in foreign matrix environments. Furthermore, other studies have unequivocally demonstrated the presence of E-cadherin in a percentage of both primary breast tumors and distant metastases (48) and a correlation between cellular aggregation and successful metastasis was first published over 50 years ago (49, 50) . More recent studies examining circulating tumor cells (CTCs) have provided evidence that these cells often exist in the bloodstream as multicellular aggregates (29, 51, 52) . Our data may help explain the significance of these findings in that aggregation may occur in CTCs and may facilitate metastasis through the inhibition of anoikis.
In addition to our data demonstrating a role for multicellular aggregation in blocking anoikis, our study has also uncovered a unique vulnerability of ErbB2-expressing cells: the inhibition of EGFR during ECM-detachment (see Fig. 7 ). Numerous studies have demonstrated that EGFR inhibition is not an effective strategy for patients with ErbB2-positive breast cancer (41, 53) . Our data suggest that while EGFR inhibition is not effective in ECM-attached cells, ECM-detached cells are sensitive to EGFR inhibitors. We postulate that this sensitivity is due to the reliance of ECM-detached cells on aggregation/E-cadherin-induced activation of EGFR for sustained ERK signaling. Indeed, in other tumors that rely heavily on EGFR signaling (e.g. NSCLC), E-cadherin expression can enhance the sensitivity of cancer cells to EGFR inhibitors (54) . Therefore, it seems possible that EGFR inhibition may be helpful in eliminating ECMdetached, ErbB2-positive breast cancer cells, while alternative approaches to antagonize ERK signaling may be necessary to eliminate ErbB2-positive, ECM-attached cells. 
